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ABSTRACT

Polymer matrix composite (PMC) materials are periodically identified appearing optically
uniform but containing a higher than normal level of global nonuniformity as indicated from
preliminary ultrasonic scanning. One such panel was thoroughly examined by nondestructive
(NDE) and destructive methods to quantitatively characterize the nonuniformity. The NDE
analysis of the panel was complicated by the fact that the panel was not uniformly thick. Mapping
of ultrasonic velocity across a region of the panel in conjunction with an error analysis was
necessary to 1) properly characterize the porosity gradient that was discovered during destructive
analyses and 2) account for the thickness variation effects. Based on this study, a plan for future
NDE characterization of PMCs is presented to the PMC community.

KEY WORDS: Nondestructive Testing, Polymer Matrix Composites, Ultrasonics



1. INTRODUCTION

Nonuniformity in polymer matrix composite (PMC) parts must be accurately characterized with
regards to microstructural nature and severity and the resulting effect on physical properties. This
is required so that 1) a decision on whether such a part is unacceptable for further processing,
testing or application can be made, 2) if in fact the part is unacceptable, the processing step(s)
responsible for the nonuniformity can be pinpointed and modified, 3) nondestructive evaluation
(NDE) procedures can be implemented allowing quality decisions to be based primarily on
nondestructive characterization. The objective of this work was to use nondestructive and
destructive methods to characterize nonuniformity in a PMC panel containing a 150 pm thickness
variation. This thickness variation, not an uncommon result of polymer processing methods,
complicates NDE analysis. A novel NDE approach is required to determine whether a
microstructural gradient exists in addition to thickness variation.

2. EXPERIMENTAL

2.1 Material The panel in this study was a 12-ply unidirectional laminate composed of
40 vol % N-CYCAP resin (1) and 60 vol % T40-R graphite fiber (unsized) in 12000 fibers/tow
(Figure 1). It was processed using simulated autoclave vacuum bag methods with final processing
conditions of 200 psi (press assist) at 371 °C (2). The panel dimensions were 20.5 cm by 7.5 cm
by ~ 0.2 cm thick. The thickness of the panel was measured at 20 locations across the panel. For
these locations, thickness varied from 1.946 mm to 2.103 mm, a variation of 0.157 mm. The
following trends in thickness were noted: 1) the top and bottom edge areas were generally 0.050
to0 0.150 mm less thick than the interior regions and 2) thickness increased from right to left along
several interior lines in the panel as shown in Figure 2. The variation in the thickness complicated
conventional ultrasonic and radiographic analyses since thickness increases attenuation in both
modalities.

2.2 Conventional NDE Through-transmission immersion ultrasonic c-scanning, routinely used
to screen for significant within-panel nonuniformity of cured PMCs, was performed on the panel
with a 5 Mhz longitudinal wave focused transducer. With the discovery of nonuniformity, high
resolution immersion pulse-echo c-scan characterization was performed witha 10 Mhz longitudinal
wave focused transducer. The high resolution inspection consisted of a 960 (length-direction)
by 416 (width-direction) grid of measurements with each measurement separated from the next
by 0.22 mm. The transducer was placed closer to the sample front surface than the focal length
(2.54 cm) to obtain measurable back wall reflection.

The panel was then inspected using through-transmission film radiography with a source-to-panel
distance of 30" and exposure conditions of 60 kV, 25 mA, and 2 min. Radiographic print images
show x-ray attenuation in terms of gray scale with lighter gray scale corresponding to lower x-ray
attenuation. Based on previous studies of x-ray detection of density variations in ceramics
(3), a uniform x-ray print indicates density variations below approximately 2% if thickness
variations are insignificant.

2.3Unconventional NDE: Ultrasonic Contact Scanning An ultrasonic contact scan procedure
(Figure 3) (4) was performed over the panel region where significant nonuniformity was indicated
from the ultrasonic c-scans. This procedure was performed for the purposes of mapping precise
ultrasonic velocity and attenuation coefficient variation. These maps provide more quantitative
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information regarding material gradients than conventional ultrasonics since actual ultrasonic
wave parameters in the material are being measured. Velocity and attenuation coefficient
mapping have been shown to be very sensitive to microstructural gradients (4-6). The contact scan
consisted of a 41 (length-direction) by 21 (width-direction) grid of measurements with each
measurement separated from the next by 2 mm. The transducer used was unfocused 5 MHz
longitudinal wave having a silica buffer rod.

The velocity and attenuation coefficient maps were calculated using a fixed value for thickness.
For the velocity calculation

V=— m
T

where V is velocity, T is thickness and 7 is time delay between successive back surface ultrasonic
echoes. The cross-correlation method, found to minimize the error introduced by noisy
waveforms (7), was used to obtain the time delay. The time delay for which the correlation
function was a minimum was obtained in the cross-correlation algorithm to account for a phase
inversion of echo B2 relative to B1 (7). Actual thickness greater than that used in the velocity
calculation results in greater time delay between back surface echoes and thus lower apparent
velocity. (Note that the intrinsic- velocity in the material is not a function of thickness). To
determine the velocity variation expected due to the time delay measurement error and thickness
variation over the region scanned, the following equation was used:

0.5
AT 2 AT
%VARIATION, . = 100[[?) +(T)] X

where AT is variation in thickness and A T is time delay error.

2.4 Destructive Characterization: Optical Image Analysis  The panel was cut at various
locations to form sections approximately 0.5 - 1 cm in length. Four cross-sections were mounted
and optically viewed with fibers running left-to-right in relation to the viewer, and four cross-
sections were mounted and optically viewed with fiber circular cross-sections facing the viewer.
After optically viewing each of the sections at 100x, the sections were examined two more times
after removing 1 mm of material each time. For the last cut of each section, approximately 10
measurements of pore fraction covering 80 - 90% of the section were made using optical image
analysis. The analysis was performed with the Quantimet 500 image analysis system at 125x
using a gray level thresholding feature. The threshold was held constant for all sections so that
relative error between pore fraction measurements in each frame was low.

3. RESULTS AND DISCUSSION

3.1 Conventional NDE Figure 4 shows the image generated by mapping the peak height of the
wave transmitted through the PMC panel in the initial c-scan screening procedure. Figure 5 shows
the image generated by mapping the peak height of the echo reflected from the panel back wall
during the high resolution pulse-echo c-scan. In both images, white, black and gray color
represent low, high and intermediate ultrasonic attenuation, respectively.  As shown in
Figures 4 and 5, The PMC panel was observed from the immersion ultrasonic procedures to

3



exhibit a “wavefront” nonuniformity. The wavefront pattern indicates a fairly continuous
gradient from right to left of lower to higher attenuation, respectively. Given that the surface
condition was uniform across the panel, it can be concluded from the image and the waveform
amplitudes that the left end of the panel contained some attenuating microstructural anomaly or
thickness increase as compared to the right end.

The radiographic print shown in Figure 6 indicates a uniform gray scale indicating little or no
nonuniformity. This was puzzling considering the ultrasonic immersion results shown in Figures
4 and 5; the explanation will be provided in later discussion.

3.2 Unconventional NDE: Ultrasonic Contact Scanning Figure 7 shows the velocity image
derived from the ultrasonic contact scan performed over the transition region of the wavefront
nonuniformity. The image is presented with a line drawn across it which shows the average
velocity trend across the sample region and indicates decreasing velocity from right to left.
Higher-to-lower velocity variation such as this is usually attributable to increasing thickness or
amicrostructural component gradient (4,5). The total velocity variation across the scanned region
was 10.7% as calculated from:

Velocity .y — Velocity vy

%V ARIATION -
Velocity )y, x

100

€

velocity =

The time delay error, AT only contributed 0.1% to the percent velocity variation. Using
+0.050 — £ 0.100 mm as a range for thickness variation AT over the scanned region, thickness
variation contributed 2.5—- 5% to the percent velocity variation. From Equation 2, the latter results
leaves 5 — 7.5% variation above and beyond that due to time delay error and thickness variation.
Thus, it was concluded that a microstructural gradient must have been responsible for the
remaining velocity variation. Note that it was possible to quantify the variation associated with
the microstructural variation only by using the velocity mapping method and error analysis in
conjunction with thickness measurements. A new imaging method presently being commercially
developed in a cooperative effort between NASA and Sonix, Inc. uses a single transducer scan
procedure to eliminate thickness effects. Thus, the resulting image will show only true
microstructural variation.

The attenuation coefficient map of the same region is presented with a line drawn across it in
Figure 8. The line shows the average attenuation coefficient trend across the sample region and
indicates increasing attenuation coefficient from right to left which is consistent with increasing
sample thickness and / or greater scattering (4). A much more complicated error analysis than that
used for velocity variation is necessary to separate effects on attenuation coefficient variation due
to thickness and microstructural effects (4). A recent study showed a novel two transducer method
for obtaining attenuation images independent of thickness (8).

3.3 Destructive Characterization: Optical Image Analysis In viewing the cross-sections cut
from the panel, it was apparent that a pore fraction gradient existed across the panel from right-
to-left. The average percent porosities obtained from image analysis are given next to the section
labels in Figure 9. The porosity was elongated in the direction of the fiber; hence the consistent
difference in pore fractions for the two different viewing orientations. In the direction parallel to
the fibers, average percent porosity increased from ~ 0% at the rightend to 0.7+0.3 % in the center
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to 2.7 £ 0.8% at the left end of the panel. The processing step where the pores originated needs
to be determined. Pores in PMCs can result from a number of sources including trapped air in fiber
bundles, condensation reaction procedures, residual solvent from prepregging, low molecular
weight polymer chains that degrade and volatilize during processing, and decomposition of larger
polymer chains during high temperature processing or post processing (postcure). Two possible
causes of pore fraction variations in PMCs include a misaligned platen causing uneven pressure
during pressing, or one end of the panel “stiffening” so resin flow is impeded during pressing. The
pore fraction variations seen in the panel can lead to significant property variation. For example,
it has been observed that interlaminar shear strength was reduced 15% when percent porosity
increased from O to 1% in PMC material (9).

3.4 Correlation of NDE results with Microstructure Based on the error analysis results for
velocity mapping, the pore fraction gradient observed in the panel was responsible for the percent
velocity variation above and beyond that due to thickness variation seen in the velocity map.
Although the pore fraction over the region of the velocity map increased only ~ 1% from right-
to-left as measured from the optical image analysis, this increase accounted for a 5 7% decrease
in velocity (excluding that due to thickness variation and time delay error). The decrease in
velocity with increasing pore fraction is consistent with previous investigations for other
materials, although the 5 — 7% decrease in velocity for a 1% increase in porosity is larger than that
seen previously for metals and ceramics (6).

With regards to velocity and attenuation mapping for both contact and immersion scanning,
thickness variation can mask or complement microstructural variation depending on whether it
spatially opposes or complements the microstructural variation. In this investigation, thickness
increased (causing apparent velocity decrease and attenuation increase) in the same direction as
pore fraction increased (causing real velocity decrease and attenuation increase) so that the effects
complemented each other with regards to velocity and attenuation measure. It has been
previously exhibited that attenuation increases with increasing thickness and increasing pore
fraction in graphite - polymer composites (10).

It is also possible to explain the relative uniformity of the radiograph shown in Figure 6. Again,
thickness variation can mask or exaggerate microstructural variation on x-ray attenuation images
depending on the spatial relation of the variations. Thickness increase causes an increase in x-ray
attenuation while pore fraction increase causes a decrease in x-ray attenuation. Since thickness
and pore fraction generally increased from right-to-left across the panel, the effect due to the
thickness increase masked the effect due to the pore fraction increase in the x-ray attenuation
image. Thus, the x-ray print appeared relatively uniform.

4. FURTHER DISCUSSION

4.1 Post-scan Interactive Data Display System A post-scan interactive data display system
(PSIDD) has been developed at NASA Lewis Research Center for viewing raw waveform
(digitized) data and resulting properties (Fourier spectra, phase velocity, attenuation coefficient,
reflection coefficient versus frequency) at any scan location on any of the ultrasonic images
formed from ultrasonic contact scans (11). Based on a waveform distortion and property analysis
software routine, scan locations can be highlighted on video display where raw waveform data
are deemed distorted and / or property values are considered questionable. This type of analysis
is extremely sensitive for detecting waveform distortions that indicate microstructural
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inhomogeneity even when the ultrasonic image does not indicate prominent inhomogeneity at that
scan point. The use of these PMC materials in high-performance applications may require such
analysis to pinpoint subtle variations in microstructure. The criterion used to flag distorted
waveforms was that the Fourier magnitude of either of the back-surface echoes had a significant
double-peaked characteristic. Figure 10 shows the ultrasonic velocity image of Figure 7 with
several scan locations highlighted by short vertical lines. These locations are more prevalent at
the porous (left), lower velocity end of the scanned region but do not show striking gray scale
variations in relation to neighboring scan points in the image. However, time-domain back
surface waveforms (B2(T)) at these scan locations exhibited above average noise which resulted
in a double-peak (destructive interference) characteristic for the corresponding Fourier magnitude
spectra (B2(F)) as compared to those for surrounding scan locations. It is likely that specific
elongated pores or pore clusters caused ultrasonic scatter and the resulting distorted waveforms
and destructive interference characteristic of the magnitude spectra. Another example of PSIDD
analysis is shown in Figure 11 where a PMC panel exhibiting less than 1% pore fraction variation
across the panel still has many locations near the top and bottom edges showing highly-distorted
waveforms. In Figure 11, waveform distortion correlated with higher-than-average attenuation
coefficient and lower-than-average velocity positions for most but not all positions.

4.2 Recommendations A hierarchal approach to quality control of PMCs is suggested in the
flowchart of Figure 12 based on results of this study. Each step of fabrication for PMCs that
potentially can result in “serious” microstructural nonuniformity, and the resulting different types
of microstructural nonuniformity, need to be identified. Then, a study combining NDE and
destructive characterization to correlate NDE results with microstructure should be performed as
was done in this study. Screening level NDE can include c-scan, radiography, and thickness
measurement. If needed, more detailed NDE can include precision ultrasonic velocity mapping
and waveform distortion analysis. Most desired would be to perform NDE at all potentially
problematic steps of fabrication, preferably in-process. For PMC processing, it is likely that such
studies will be most practical at the cure and post-cure steps. These studies will allow the choice
of necessary NDE methods, and calibration and standardization of the NDE methods, so that
future characterization of nonuniformity in PMC's primarily can be performed nondestructively.
Then, a problem can be identified and corrected before continuing additional processing that will
only result in arejected part. NDE characterization should nearly always include complementary
NDE methods to obtain accurate and corroborative results as evidenced in this study where
radiographic results did not reveal microstructural nonuniformity.

5. CONCLUSIONS

The origin of the “wavefront” nonuniformity in a PMC panel was determined via nondestructive
and destructive methods to be a combination of thickness and pore fraction variation. A
complementary array of NDE methods in conjunction with velocity error analysis was required
to properly characterize the nonuniformity. A hierarchial approach involving NDE for process
control of PMCs is suggested.
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¢ 12-ply Unidirectional

¢ 40 vol % N-CYCAP resin matrix

* 60 vol % T40-R graphite fiber (12 K TOW) (unsized)
¢ Simulated autoclave vacuum bag methods

» Final conditions: 200 psi at 371 °C

o 1 23 45
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Figure 1.—PMC material description.
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Region over which ultrasonic velocity and
attenuation coefficient maps obtained

Figure 2.—Panel thickness variation (numbers indicate thickness in millimeters). Thickness is
lowest at top and bottom edge areas; interior thickness increases from right to left.
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Figure 3.—Ultrasonic contact scan measurement method (FS = front-surface reflection; By = first
back-surface reflection; B, = second back-surface reflection). (a) Diagram of buffer rod-
couplant-sample pulse-echo contact configuration. (b) Resulting waveforms for pulse-echo
contact technique. (c) Scanner hardware. (d) Schematic (three-dimensional view) showing
volume of sample ultrasonically interrogated at each scan point for velocity and attenuation
coefficent measurements. (e) Schematic (top view) of ultrasonic contact scan procedure
showing examples of successive transducer positions along X- and Y-dimensions of sample.

« Initial quality screening * White is lowest attenuation
* Note "wavefront-like" nonuniformity ¢ Grey is intermediate attenuation
¢ Black is highest attenuation
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Figure 4.—Uitrasonic through-transmission C-SCAN (5 MHz).
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Figure 6.—Film radiography. Source-to-panel distance = 30 in., 60 kV, 25 mA, 2 min
Panel appears uniform. Indicates density variations below ~ 2% if thickness
variations insignificant.
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Figure 7.—Ultrasonic velocity mapping. Left-to-right velocity variation indicates thickness
and/or microstructural gradient.
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Figure 8.—Ultrasonic attenuation coefficient mapping. Left-to-right attenuation
coefficient variation indicates thickness and/or microstructural gradient.
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Figure 10.—Post-scan interactive data display for waveform analysis. Scan locations
highlighted by small vertical lines where waveforms distorted.
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Figure 11.—Post-scan interactive data display for waveform analysis. Scan
locations highlighted by small vertical lines where waveforms distorted.
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Figure 12.—NDE hierarchy for PMC examination and process control.
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